ABSTRACT This study aimed to evaluate the effects of different stunning frequencies and electrical current waveforms on chicken welfare and meat quality. Two-hundred-thirty-two Cobb broilers, 48 d of age and 2.76 ± 0.47 live-weight, were randomly assigned into 4 stunning treatments -2 frequencies (300 Hz and 650 Hz) and 2 current waveforms (direct current [DC] and alternating current [AC]). Broilers were electrically stunned in a water bath in a commercial slaughterhouse (70 V, 100 mA). The electronarcosis and stunning efficiency were confirmed by assessment of visual parameters (absence of rhythmic breathing, ocular reflex, and coordinated wing flapping) and blood parameters (lactate, glucose, creatine kinase, sodium, and potassium), which were measured after bleeding. The incidence of traumas and injuries was assessed after plucking. Meat quality analysis was performed in Pectoralis major (PM), with determinations of pH, breast yield (PMY), water holding capacity (WHC), water absorption capacity (WAC), thawing loss (DL), cooking loss (CL), shear force (SF), and instrumental color (a * , b * , L * , C * , and h). The interaction between waveform and frequency was significant (P < 0.05) only for lactate, sodium, and lightness (L * ). Lactate and sodium levels decreased at 300 Hz-DC. Meat lightness increased at 300 Hz-DC. The individual effect of frequency was significant for glucose, creatine kinase, potassium, WHC, PMY, b * , C * , and h. Regarding waveform, AC decreased plasma glucose and DC decreased creatine kinase and WAC. In general, stunning frequency exerts greater influence than waveform on the welfare and meat quality parameters of broilers. The use of frequency at 650 Hz proved to render animals efficiently unconscious and to promote greater meat quality.
INTRODUCTION
In Brazil, the poultry industry employs more than 3.6 million people and accounts for more than 1.5% of gross domestic product (GDP); additionally, Brazil is the world´s largest exporter of chicken meat (USDA, 2016) . The growing demand in chicken exports has led to meat quality and safety improvement. Furthermore, recently, animal welfare concerns have gained importance for consumers, producers, and retailers of animalbased food products, mainly in the European Union (Lambooij et al., 2014) .
According to Brazilian legislation (Brasil, 2000) and most developed countries, animals must be rendered unconscious before slaughter, and water bath stunning is the most widespread procedure used in Brazil. A stunning method has to be efficient in rendering animals unconscious and also should keep meat qual- ity. Thus, the combinations of different electrical waveforms, frequencies, voltages, and amount of current are used (Prinz et al., 2012) . High stunning frequencies (>500 Hz) remarkably improves carcass quality and, in particular, decreases breast muscle hemorrhaging in broilers (Wilkins et al., 2000) ; however, frequency levels >800 Hz may not render birds unconscious until the beginning of the bleeding stage (Prinz et al., 2010a and Girasole et al., 2016) . On the other hand, low frequencies (<200 Hz) might induce death, which has been associated with meat-quality defects, such as hemorrhaging and broken bones (Gregory, 1989) .
The waveform of the current also influences the effectiveness of the stunning. A direct current (DC) is often used for electrical water-bath stunning in poultry; however, recently, different waveforms such as the alternating current (AC) have been introduced. AC is considered to induce ventricular fibrillation during stunning (Gregory and Wotton, 1990a) , which is associated with welfare advantages as recovery of the birds during bleeding is prevented, allowing more flexibility for the time of neck cutting (Prinz et al., 2010b) . The waveform and frequency (Hz) of the electric current used vary widely under commercial processing conditions. It was thought that adjustment of these variables at slaughter would help to improve bird welfare and avoid meat downgrading conditions. In addition, there is a lack of studies on the effects of different waveforms at intermediate frequency levels for electrical stunning of broiler chickens. Thus, the objective of this study was to evaluate the effects of DC and AC at 300 Hz and 650 Hz on the welfare and meat quality of broiler chickens during commercial slaughter.
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MATERIAL AND METHODS
Birds and Stunning System
Cobb chickens 48 d old and with an average weight of 2.76 ± 0.47 kg, were stunned with 70 Volts (V), 100 mA and 50% pulse standard, according to 2 current waveforms (AC and DC) and 2 frequencies (300 and 650 Hz) (Table 1) . Each treatment consisted of 58 birds and bird stunning was carried out in the following order: T3, T4, T2, and T1.
The electric current (AC or DC) was produced from a low frequency generator HF 6000 (Fluxo R , Chapecó, Brazil) for 8.0 ± 1.0 seconds. Different current and frequency combinations could be obtained through adjusting the generator. One electrode was connected in a steel shackle and the other connected to the electrode plate, which was placed into the water bathing flume (1% sodium chloride). Using this circuit, the current flowed through the head to the feet of each chicken evaluated. After stunning, each bird was removed from the waterbath flume, and slaughtered within 10 s, by blood exsanguination, severing the jugular vein and carotid artery on one side of the neck. All experimental procedures were approved by the Animal Care and Use Committee of the PUCPR, statement n. 709, and were in accordance with the standards of Brazilian chicken stunning.
Visual Parameters
Visual parameters of electronarcosis were evaluated right after stunning (up to 10 s) and before bleeding. The evaluated parameters were: rhythmic breathing that was monitored through regular cloaca movements; ocular reflex, tested through the touching of the bird's cornea with a feather; and wing flapping, meaning that wings close to the body was a good parameter of stunning.
Traumas and injuries also were verified according to Ludtke et al. (2010) , distinguishing among fracture, bruises, edema, and vascular engorgement, and recording the size of injuries into 3 classes: a) ≤1.0 cm; b) between 1.0 to 3.0 cm; and c) ≥3.0 cm. The location of injuries also was recorded. All animals' traumas and injuries were recorded after birds' shackling and after stunning. Only the traumas and injuries detected after stunning were considered in the visual evaluation of electronarcosis efficiency.
Blood Parameters Analysis
Twenty birds from each treatment were randomly selected for blood and physical chemical parameters of meat quality. Blood was drawn during bleeding and divided into 2 aliquots and stored in collection tubes (1.5 mL). Anti-glycolysis-anticoagulant fluoride EDTA (Glistab-Labtest, Lagoa Santa, MG, Brazil) was used in the first tube (16 μL/ mL) to harvest plasma for later use to determine glucose and lactate levels. The blood was immediately centrifuged at 2,991 g for 10 min at 10
• C to enable plasma isolation. A volume of 100 μL plasma was deposited into collection tubes and stored at -18
• C until further analysis. The remaining blood was stored at room temperature for 60 min to allow coagulation. Subsequently, the samples were centrifuged at 2,991 g for 10 min at 10
• C to harvest the serum, which was separated into collection tubes at 100 μL per tube and stored at -80
• C for later determination of creatine kinase (CK) and ion concentrations (sodium and potassium).
Plasma glucose and lactate were measured by the enzymatic colorimetric method (Glucose and Lactate Cholesterol Liquiform, Labtest, Lagoa Santa, MG, Brazil), using a spectrophotometer (Biospectro SP-22, Curitiba, PR, Brazil). CK was determined by kinetic method using a commercial kit CK NAC UV (by Bioclin R , Belo Horizonte, MG, Brazil) and read in the same spectrophotometer. The serum ions of sodium and potassium were quantified by means of selective electrode ions (Iselab, Drake, São José do Rio Preto, SP, Brazil).
Meat Quality Analysis
Subsequent to slaughter, carcasses were chilled in a water chiller until reaching 4
• C. Pectoralis major (PM) from 20 carcasses from each treatment was manually removed within 40 min after slaughter, frozen in a tunnel freezer at −30
• C, and stored at −18 • C. Prior to the analyses, meat samples were thawed at 4
• C for 24 hours. Muscle pH. Muscle pH was measured using a digital pHmeter (Quimis, São Paulo -SP, Brazil) with a penetrating probe (AOAC, 2000) . Each sample was measured in triplicate at different locations within the muscle and the mean value was taken as the final result.
Water Holding Capacity (WHC). WHC was determined according to Hamm (1960) , with 2 g of samples subjected at a pressure (10 kg) for 5 min at room temperature, and weighed on a digital scale (Gehaka, AG 200, São Paulo -SP, Brazil) before and after the procedure, calculating the retained water in a filter paper and expressing the results in percentage.
Water Absorbing Capacity (WAC). WAC was determined according to Takahashi et al. (2009) . The method consisted of weighing 30 g of breast sample and adding 90 mL of distilled water followed by mixing for 90 s in a mixer (Walita, Brazil). Then, 35 g of the mixture obtained were weighed and centrifuged (Eppendorf Centrifuge 5810 R, Hamburg, Germany) at 8,000 rpm for 15 min at 21 to 25
• C. The supernatant was collected and weighed, and the water absorption capacity was calculated as follows:
* 100 + 100, where: MW is the mixture weight, MeW is the weight of meat in mixture, and SW is the weight of the supernatant.
Cooking Loss (CL). CL was carried out according to the Froning and Uijttenboogaart (1988) methodology with samples (120 g) cooked in a water bath until the internal temperature reached 82
• C. Cooking loss was expressed in proportion to the ratio between the sample weight before and after cooking.
Thawing Loss (TL). TL was determined using the following formula: TL (%) = ((W1 -W2)/ W1) × 100, where W1 is the weight before freezing and W2 is the weight after thawing. Samples were thawed at 4
• C for 24 h and the thawing loss was determined by gravimetry, using an analytical digital scale (Marte, Niteroí -RJ, Brazil).
Shear Force (SF). SF was determined in samples cooked as previously described and cut in 1.27 cm 3 . Samples were sheared in a texturometer TAXT2i (Stable Micro Systems, Surrey, England) equipped with a Warner-Bratzler blade. SF was taken perpendicularly to the direction of muscle fibers, with 2 mm/s test speed and 30 mm distance from the base.
Meat Color. Instrumental color was determined using colorimeter (Konica Minolta CR 410, Tokyo, Japan), illuminant D65, opening diameter 50 to 53 mm, observation angle 2
• , and CIE color coordinates of lightness (L * ), redness (a * ), yellowness (b * ), chroma (C * ), and hue (h).
Pectoralis Major Yield (PMY). PMY was determined in relation to carcass total weight, using the formula: PMY (%) = (BW -CaW) / BW x 100, where BW is the breast weight and CaW is the carcass weight.
Classification of PSE Breast Fillets. Breasts were classified as pale, soft, and exudative (PSE) meat, based on pH and L * values as described by Fletcher (1999) and Barbut (2015) , respectively. Thus, the fillets with L * ≥49.0 and pH ≤5.70 values were classified as PSE.
Statistical Analysis
Visual parameters and PSE incidence on breast fillets were expressed in relative frequency, and analyzed by the Chi-square test with a significance level of P < 0.05.
A completely randomized design for blood parameters and meat quality variables was analyzed as a 2 × 2 factorial arrangement (2 current waveform × 2 frequency) using Generalized Linear Model procedure using the Statgraphics Anturion XV, version 2.15.05, program. The model included as fixed effect the current waveform (DC and AC), frequency level (300 Hz and 600 Hz), and the current waveform x frequency interaction. The mathematical model was: Yijk = μ+Ii+Aj+Ii * Aj+eijk. Where: Yijk is the observed values; μ is the mean; Ii is the frequency effect (i is the 1 (300 Hz), 2 (600 Hz)); Aj is the waveform current effect (j = 1 (DC), 2 (AC)); Ii * Aj is the waveform current and frequency interaction effect; and eijk is the random error associated with each observation.
The significance level was P < 0.05. When the interaction between frequency and current waveform was not significant, it was withdrawn from the model and main effects were evaluated. Means were compared by Tukey's test.
RESULTS
Visual Parameters
Regarding AC conditions, birds stunned at 650 Hz showed higher frequency of ocular reflex (14.52%) (P < 0.05) compared to those stunned at 300 Hz (3.64%) ( Table 2 ). For DC, only birds stunned at 650 Hz showed ocular reflex (5.45%). Occurrence of ocular reflex in birds stunned at 650 Hz in both waveforms showed no significant differences. A Uppercase letter in columns = difference between waveforms (DC = direct current; AC = alternating current) (P < 0.05).
1 Insufficient number of results for analysis. Table 3 . Effects of waveform and frequency stunning conditions on plasma parameters of broiler (Na (mg/dL), lactate level (mg/dL), K (mg/dL), glucose (mg/dL), and CK (U/L) (mean ± standard error). a,b Lowercase letters in rows = difference between frequencies (300 and 650 Hz) (P < 0.05).
A,B Uppercase letters in columns = difference between waveforms (DC = direct current; AC = alternating current) (P < 0.05).
1 CK, creatine kinase; K, potassium; Na, sodium. 2 When the interaction between factors (Frequency × Waveform) was significant, different superscripts indicate differences among treatments (650 Hz-AC × 300 Hz-AC; 650 Hz-DC × 300 Hz-DC; AC-300 Hz × DC-300 Hz; AC-650 Hz × DC-650 Hz).
3 When the interaction between factors was non-significant, different superscripts indicate differences between main effects (AC × DC or 300 Hz × 650 Hz).
Likewise, birds stunned at 650 Hz-AC showed occurrence of wing flapping (1.61%) and rhythmic breathing (3.23%). For the other treatments (650 Hz-CC, 300 Hz-AC, and 300 Hz-CC) these visual signals were not detected.
With regard to post-stunning injuries, wings were the main part of the carcass affected and bruises were the most common type of trauma (71.42% of the total traumas, averaging 1.0 to 3.0 cm in diameter). Wing tip (3.95%), wing middle (2.26%), and drumstick wing (0.56%) were the wing parts affected.
Wing bruises were detected in birds stunned at 650 Hz (AC and DC) and 300Hz-DC. However, breast bruises were detected only on birds stunned at 300 Hz-DC (Table 2) .
Plasma Parameters
For blood parameters, there was interaction between frequency and waveform for serum lactate and sodium (P < 0.05).
The concentration of plasma lactate decreased when the combination of low frequency (300 Hz) and DC was applied. However, it increased with the combination of high frequency (650 Hz) and the same waveform (DC). Similarly, sodium content also increased at 650Hz-DC (Table 3) .
Regarding frequency, CK and glucose were higher in the blood of birds stunned at 300 Hz, whereas potassium level was lower in birds of these treatments. For electrical current, AC caused higher blood CK values and lower glucose. For potassium, no effect was found for the different current waveforms (Table 3) .
Meat Quality
The interaction between current waveform and frequency was significant only for lightness (L * ) (P < 0.05) ( Table 5) .
Stunning birds at 300 Hz increased PMY; however, in contrast, frequency of 650 Hz increased WHC of PM. Current waveform affected only WAC, for which AC showed higher values. The other meat quality parameters were not influenced by either waveform or electrical frequency (Table 4) .
Lightness (L * ) values were higher in meat of birds stunned at 300 Hz-AC. Birds stunned at this waveform (AC) also exhibited lower WHC breast meat (Table 4) . Conversely, higher b * , C * , and h values were detected on meat of birds stunned at 650 Hz (Table 5) .
Results of pH and L * determination on breast fillet samples indicate that 23.53% of the fillets had PSE meat characteristics. The combination of 300 Hz-DC showed an incidence of 19% PSE breast fillets, whereas the use of the same frequency (300 Hz) and AC showed an incidence of 29% PSE. Treatments combining 650 Hz-DC or 650 Hz-AC showed an incidence of 24 and 23% PSE, respectively. However, there were no significant differences among treatments for PSE incidence (P > 0.05). A,B Uppercase letters in columns = difference between waveforms (DC = direct current; AC = alternating current) (P < 0.05).
1 When the interaction between factors was non-significant, different superscripts indicate differences between main effects (AC × DC or 300 Hz × 650 Hz).
DISCUSSION
Visual Parameters
The Brazilian Ministry of Agriculture, Livestock, and Supply (Brasil, 2000) through Normative Instruction no. 3 and the European Council directives no. 98/58/1998 and no. 1099 /2009 (European Council, 1998 European Council, 2009 ) state that for chicken humane slaughter, electrical stunning must induce an immediate loss of consciousness and sensitivity that lasts until death supervenes through slaughter.
In electrical stunning, the waveform and frequency of an electric current vary widely among different commercial slaughterhouses. The choice of these variables appears to be a matter of convenience or economics in chicken processing rather than based on sound scientific principles (Raj et al., 2006) . Thus, the occurrence of ineffectively stunned birds in commercial slaughterhouses is not uncommon.
Unconsciousness depth and duration in chickens were determined by the amount of stunning current frequency (Raj and O'Callaghan, 2004) . Frequencies above 1,200 Hz are not recommended to broiler electronarcosis since the return to consciousness is very fast, not guaranteeing the maintenance of the state of un- A,B Uppercase letters in columns = difference between waveforms (DC = direct current; AC = alternating current) (P < 0.05).
1 When the interaction between factors (Frequency × Waveform) was significant, different superscripts indicate differences among treatments (650 Hz-AC × 300 Hz-AC; 650 Hz-DC × 300 Hz-DC; AC-300 Hz × DC-300 Hz; AC-650 Hz × DC-650 Hz).
2 When the interaction between factors was non-significant, different superscripts indicate differences between main effects (AC × DC or 300 Hz × 650 Hz).
consciousness and the insensibility to pain until death, causing animal suffering (Girasole et al., 2016) .
Visual desensitization signals as a sensitive stunning parameter (Erasmus et al., 2010) were used in this present study, which showed a higher occurrence of ocular reflex, wing flapping, and rhythmic breathing at 650 Hz-AC (Table 2) .
High frequency usually provides a shorter period of unconsciousness in birds (Contreras and Beraquet, 2001) , which leads to a more superficial desensitization (Prinz et al., 2010a) . Barbon (2012) found visual signals of poor stunning in broilers stunned at 500 Hz, such as wing flapping, rhythmic breathing, and ocular reflex. Among them, ocular reflex was the most frequent visual signal, similar to that found in present study (Table 2) . However, the presence of ocular reflexes such as corneal reflex or nictitating membrane reflex indicates a bird is alive but not necessarily that it is conscious. Therefore, only the presence of ocular reflex does not indicate consciousness, and additional reflexes and behaviors must be assessed in order to reach a reliable conclusion (Ludtke et al., 2010; HAS, 2016) . In the present study, none of birds presenting ocular reflex showed other consciousness signals.
Bruises caused during animal stunning also can generate meat quality defects and also are considered as a poor stunning signal (Sante et al., 2000) . Under commercial conditions, it is difficult to discriminate bruises as effects of electrical stunning from other intervening factors, such as catching, hanging, and picking (Gregory, 1989) . In the present study, traumas and injuries were evaluated after the birds' shackling and after stunning to enable the evaluation of injuries caused only by stunning. The use of 300 Hz-DC resulted in breast bruising, characterized by wishbone fracture. Gregory et al. (1990b) report that electrical stunning of broilers at lower frequency (50 Hz) resulted in greater numbers of broken bones than at a higher frequency (1,500 Hz).
Plasma Parameters
The significant interaction between current waveform and frequency on blood lactate and sodium (Table 3) indicates that high frequency (650 Hz) x DC increased the levels of these blood parameters. Electrical stunning at higher frequencies promotes intense and shorter muscle contractions, since the number of electric waves increased, promoting the high contraction and muscle relaxation cycle (Haj, 1998) . This can lead to anaerobic glycolytic energy production, resulting in plasma lactate increase (Saveniji et al., 2002) . However, according to González et al. (2001) , the lactate average concentration in healthy broilers and in non-stressful conditions is 46.1 mg/dL. Thus, the lactate values found in the present study in birds stunned at 650 Hz-DC (36.55 mg/dL) could not be indicative of stunning stress in birds.
Potassium and sodium are essential to basic-acid balance, osmotic pressure, cell permeability, electric activity of nerve cells and cardiac muscle, and on monosaccharides and amino acids absorption (Barros et al., 2004) . The higher electrical frequency (650 Hz) used in this study also might have produced a more intense mobilization of ions associated with the contraction process, increasing the serum sodium and potassium levels.
During stunning, corticoids are produced, increasing tubular reabsorption and plasmatic concentration of sodium (Ferreira et al., 2009) . Potassium level also can increase due to intense muscular effort because of the greater number of muscle fibers that releases it to the extracellular space (Art and Lekeux, 2005) . The higher sodium and potassium levels found in 650 Hz stunned birds do not indicate an ionic imbalance since ion values were within those considered as basal levels for broilers (from 130 to 160 mg/dL for sodium and from 2 to 5.42 mg/dL for potassium) (Souza et al., 2004) .
For CK, higher blood values were detected in birds stunned at 300 Hz or AC (Table 3) . CK is an enzyme involved in reversible transformation of ADP into ATP that ensures the intracellular energy supplement. In a situation of stunning stress, an increase in corticosterone causes the acceleration of muscle metabolism, resulting in an increase in CK activity (Rajman et al., 2006) ; therefore, high CK values are associated with stunning stress in birds. However Bridi et al. (2012) , evaluating 2 methods of slaughter, Halal and electronarcosis (50 V and 1,000 Hz), found no significant difference in CK levels between treatments. Birds subjected to Halal slaughter and to electronarcosis showed CK values of 18,961.91 and 17,705 .10 U/L, respectively. In spite of the differences in CK values for waveforms and frequencies tested, the mean values obtained in all treatments of the present study were lower than the values reported by Bridi et al. (2012) .
Muscle activity from handling and transport can increase the values of CK in birds. However, its level can quickly returns to normal after a muscular demand (Hochleithner, 1994) . In this study, the birds from all treatments were subjected to a rest period of approximately 2 h in a slaughterhouse reception area prior to slaughter. This could explain the low values of CK found when compared to Bridi et al. (2012) .
For glucose, birds stunned at 300 Hz or DC showed higher plasma values (Table 3) . Direct current discharge flows in only one pole of the electric field (Ludtke et al., 2010) causing intermittent muscle contractions, which might increase blood glucose values to promote muscular contractions. Bitencourt (2011) also reported an increase in blood level of glucose in chickens subjected to stunning stress, in direct response to the increase of epinephrine, norepinephrine, and glucocorticoids secretion. The lower electrical frequency used in this study (300 HZ) could have contributed to the increased glucose levels due to extended muscle contraction, caused by the longer time flowing through the animal´s brain. Nevertheless, the glucose levels found were similar to that found by Gonzalez et al. (2001) in non-stressed Cobb broilers at 47 d of age (248 ± 13 mg/dL).
Meat Quality
Poultry meat quality can be improved by low voltage (50 to 200 V) (Dickens and Lyon, 1993) and low amperage (50 to 125 mA) stunning conditions (Papinaho and Fletcher, 1996) or a combination of both (40 V and 30 to 50 mA) (Contreras and Beraquet, 2001) . In the present study, all birds were stunned using relatively low voltage and amperage (70 V and 100 mA), which could potentially improve meat quality.
Regarding technological parameters, electrical frequency influenced PMY and WHC, for which the highest frequency (650 Hz) caused higher WHC. On the other hand, waveform influenced only WAC (Table 4) .
The carcass composition of broiler chickens is receiving considerable attention due to its importance for further processing by the industry. There is an emphasis on increasing the meat yield, especially breast meat, and decreasing the fat content of the broiler carcass. In this study, breast meat showed higher yield when 300 Hz was used, similar to that reported by Xu et al. (2011) in thigh (Musculus iliofibularis) of broilers stunned at frequencies from 160 to 400 Hz.
Another important technological characteristic in poultry meat for the processing industry is its WHC. Low WHC in chicken meat is a predisposing factor of PSE meat, modifying the texture. Primarily, meat texture was associated with live bird quality factors such as breed, sex, or age. However, modern production practices produce highly uniform birds in which major meat texture problems are associated with processing failures (Fletcher, 2002) , such as inadequate stunning conditions. Xu et al. (2011) reported that high stunning frequencies have a beneficial effect on meat texture, which can be positively influenced by higher WHC, corroborating the results of the present study. Huang et al. (2014) , comparing 4 stunning conditions (non-stunning, a low-voltage stunning [LS] ; mid-voltage stunning [MS] ; and high-voltage stunning [HS]), found higher WHC in breast meat of broilers stunned both at high or low frequencies (750 Hz and 15 V for 10 s or 50 Hz and 100 V for 5 s). Komiyama et al. (2008) used 800 Hz for the electrical stunning of chickens and found 33.39% of WHC in chicken breast. This result is similar to that found in the present study for birds stunned at 650 Hz (34.08%). Takahashi et al. (2009) , comparing 3 stunning conditions (without stunning, stunning at 40 V or 90 V, or both at 800 Hz), reported higher WHC in breast meat of broilers stunned at 800 Hz compared to non-stunned broilers.
For pH, shear force, thawing loss, and cooking loss, no significant differences for the electrical stunning current waveform or frequency used were found. Huang et al. (2014) also did not find influence of stunning methods (non-stunned and different voltages -15 V, 50 V, and 100 V stunned broilers) on pH, cooking loss, and pressing loss of Pectoralis major muscles of chicken. Similar findings were reported by Craig and Fletcher (1997) , who did not find significant differences in pH and shear force in breast meat of broilers stunned at different conditions (50 Hz-AC-125 mA or 500 HZ-DC-10.5 V). Corroborating these results, Bittencourt (2011) reports that different stunning methods (electro-stunning and controlled atmosphere) did not affect cooking loss, thawing loss, or shear force of chicken breast fillets. Sante at al. (2000) , studying different frequencies for water-bath stunning of turkey (50 Hz, 300 Hz, 480 Hz, and 600 Hz, AC), observed a numerically pH decline in Pectoralis major muscles after stunning, using 480 and 600 Hz; however, that did not induce carcass and meat quality defects.
Color and its variations are important quality attributes that affect selection and acceptability of food. Color variation and defects in poultry have long been recognized as a problem (Guidi and Castigliero, 2010) .
Luminosity (L * ) was the only color coordinate affected by the combination of electrical stunning conditions. Lower L * values were found in meat of birds stunned at 650 Hz-AC (Table 5) , showing a lesser luminosity on meat surface in these treatments, which could be related to their higher WHC (Table 4) . Color coordinates b * , C * , and hue were affected only by frequency, for which 650 Hz increased the typical yellowness and color saturation of chicken meat.
Regarding PSE incidence, the use of stunning frequency of 650 Hz, 70 V in either AC or DC showed PSE incidence (23 and 24%, respectively) similar to that reported by Kissel et al. (2015) . These authors found the lowest incidence of PSE breast samples when frequencies (100, 400, or 700 Hz) and voltage (40, 80, or 120 V) were at their highest levels. When the combination of 700 Hz, 120 V was used, PSE incidence was 20%, while at same frequency and lower voltage (40 V), the incidence increased to 70%, suggesting that when broiler chickens were stunned at 120 V and 700 Hz, they suffered less stress, thus resulting in better meat quality.
According to Woelfel et al. (2002) , the incidence of PSE in North American chicken processing plants reaches 50%. On the other hand, in Brazilian plants, Langer et al. (2010) report an incidence of 46.0%, and Garcia et al. (2010) report an incidence of 10.20% of PSE in broiler meat. Results in the present study were higher than those found by Garcia et al. (2010) , but lower than those found by Langer et al. (2010) .
In conclusion, stunning broilers at 300 Hz promoted a lower incidence of consciousness, sensitivity, and bruises. However, at 650 Hz, birds could be considered well desensitized since none of the birds presenting ocular reflex showed other consciousness signals, and blood parameters were within those considered as basal levels for broilers. Additionally, birds stunned at 650 Hz exhibited greater meat quality characteristics compared to those stunned at lower frequencies.
On the other hand, current waveform did not show significant impact on most of the welfare and meat quality parameters. Thus, the present study suggests that the use of 650 Hz, combined with alternating or direct current, could be better suitable for the electronarcosis of broilers.
